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INTRODUCI'ION 
The development of high-bypass-rat io  turbofan engines  for  future  a i r -  
c r a f t  p r o p u l s i o n  schemes requires the development of f a n  d r i v e  t u r b i n e s  w i t h  
inc reas ing ly  h ighe r  work output.  The requirements of  minimized w e i g h t  and 
s i z e  of such turbofan engines produce a need for tu rb ines  wi th  increas ingly  
h igh  s tage  loading .  In  order  t o  main ta in  h igh  turb ine  e f f ic ienc ies  a t  h igh  
s tage  loading ,  advances  a re  requi red  in  the  technology of producing increased 
aerodynamic  load  capabi l i ty  in  turb ine  b lad ing  by means of improved design 
techniques and h igh - l i f t  dev ices .  
The s p e c i f i c  o b j e c t i v e s  of t h i s  program are to :  
I n v e s t i g a t e  a n a l y t i c a l l y  and experiment ally aerodynamic means 
fo r  i nc reas ing  the  tu rb ine  s t age  load ing  and turb ine  b lade  load-  
ing  cons i s t en t  w i th  h igh  e f f i c i ency  fo r  mul t i s t age  h . igh ly  loaded  
f a n  d r i v e  t u r b i n e  c o n f i g u r a t i o n s .  
Develop suf f ic ien t  des ign  informat ion  
importance of changes i n  e n g i n e  s i z e ,  
and g ive  pr imary  cons idera t ion  to  use  
where appl icable ,  to  reduce  weight  or 
performance. 
Modify an ex i s t ing  th ree - s t age  h igh ly  
t o  determine the re la t ive  
weight,  ana  performance 
of tandem r o t o r s  and s t a t o r s ,  
extend or improve the  b lad ing  
loaded turbine r i g  and 
adap t  t he  r ig  to  an  ove ra l l  pe r fo rmance  test program of s u f f i c i e n t  
e x t e n t  so as to  obtain blade element  performance.  
T h i s  is a 24-month a n a l y t i c a l  and experimental  invest igat ion program to 
provide a turbine high-stagerloading and high-blade-loading aerodynamic tech- 
nology t h a t  w i l l  be s p e c i f i c a l l y  a p p l i c a b l e  t o  m u l t i s t a g e  f a n  d r i v e  t u r b i n e  
c o n f i g u r a t i o n s  f o r  advanced high-bypass-rat  io turbofan propulsion sys t em 
appl ica t ion .  The program w i l l  be  d iv ided  in to  two phases  encompassing  nine 
t a s k  items of a c t i v i t y .  
The f i r s t  phase w i l l  oover Task Items I ,  11, and I11 of t h e  program  which 
a r e  t o  i n v e s t i g a t e  r e q u i r e m e n t s  of s e l ec t ed  advanced high-bypass-ratio turbo- 
f a n  sys tems,  t o  c a r r y  o u t  p a r a m e t r i c  t u r b i n e  v e c t o r  d i a g r a m  s t u d i e s ,  t o  con- 
duct a cascade test and eva lua t ion  program, t o  select one  des ign  for  fu ture  
study, t o  complete a de ta i led  aerodynamic  turb ine  des ign  for  an  ex is t ing  r ig ,  
t o  complete the detailed blading aerodynamic design for t h e  r i g ,  t o  p e r f o r m  
de ta i l ed  b l ad ing  mechan ica l  des ign  fo r  t he  r ig ,  t o  pe r fo rm the  tu rb ine  r ig  
mechanical design, and t o  p r e p a r e  t h e  t u r b i n e  r i g  m o d i f i c a t i o n  d r a w i n g s  
r e q u i r e d  t o  u t i l i z e  t h e  e x i s t i n g  three-stage highly- loaded-fan turbine r ig .  
The second phase w i l l  cover Task Items I V  through I X  of t h i s  proposed program 
to fabr ica te ,  p rocure ,  v ibra t ion  bench  test, fat igue endurance test, and in- 
spect t h e  t u r b i n e  r i g  modi f ica t ions ;  to  ins t rument  and c a l i b r a t e  t h e  r i g  
veh ic l e ;  t o  conduc t  a test program  and t o  repor t  p rogress ,  ana lys i s ,  and design, 
a s  well as test and performance results.  
INTRODUCI’ION (Cont ‘d) 
The purpose of t h i s  r e p o r t  is t o  p resen t  t he  Task  I vector diagram 
s t u d y   r e s u l t s .  
ANALYSES AND RESULTS 
Requirements 
The f a n  t u r b i n e s  t o  b e  i n v e s t i g a t e d  i n  t h i s  program have the following 
design requirements:  
g J b  
Average Pi tch  Loading - 1.5 
c2u”p 
Equiva len t  Spec i f ic  Work 
Equivalent R o t  a t  i v e  Speed 
Equivalent Weight Flow 
I n l e t  Whirl Angle 
Exit Whirl Angle without Guide V a n e s  
M a x i m u m  Tip  Diameter 
Number of S tages  
w </pT at  I n l e t  
33.0 B t d l b  
2000 rpm 
70 l b / sec  
0 degrees  
< 5 degrees 
45.0 inches  
3 
108.4 
.0635 
87.7 
- 
A vec tor  diagram study was m a d e  t o  show the r e l a t i o n s h i p s  among t h e  
turb ine  des ign  opt ions ,  such  as flowpath, stage e n e r g y  s p l i t ,  stage leaving  
swirl, and nonfree  vor tex  work d i s t r i b u t i o n s  for t h e  above turbine requirements .  
Three  typ ica l  f lowpath shapes were selected fo r  p re l imina ry  vec to r  diagram 
studies.   These were: 
1. C o n s t a n t - i n s i d e - d i a t e r   ( F i g u r e  1) 
2. Constant-outside-diameter  (Figure 2) 
3. Constant-pitch-diameter  (Figure 3) 
The f lowpath diameters  were determined on t h e  basis of tu rb ine  requi rements  
w i t h  t h e  i n l e t  and e x i t  a n n u l u s  areas t h e  same for a l l  flowpaths. The areas 
calculated correspond t o  an i n l e t  Mach number of 0.38 and an e x i t  Mach number 
of 0.40. A free-vortex vector  diagram parametr ic  s tudy was r u n  f o r  the constant-  
inside-diameter flowpath vary ing  the stage leaving  swirl f o r  two stage-energy 
e x t r a c t i o n  d i s t r i b u t i o n s .  T h e s e  c a l c u l a t i o n s  were m a d e  i n  o r d e r  t o  determine 
the magnitude of the  l eav ing  swirl requ i r ed  t o  achieve a s a t i s f a c t o r y  v e c t o r  
diagram. The s tage-energy  ex t rac t ions  -re determined by l e t t i n g  t h e  th i rd -  
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ANALYSES AND RESULTS (Cont 'dl 
Requirements (Cont Id) 
s t age  p i t ch  aerodynamic loading [gJAh/2p] be 0.7 with equal stage-one and 
-two p i t ch  load ings  in  one case and equal stage-one and -two hub loadings 
f o r  t h e  second case. These r e s u l t s  were shown for  s tage one,  two,  and th ree  
in  F igu res  5, 6,  and 7 ,  respectively.  The vector diagram nomenclature was 
shown in   F igu re  4. 
A swirl of 47 degrees on s tage  one y i e lds  a vector diagram which has 
a son ic  s t a to r  hub and hence a subsonic stator for the equal stage-one and 
-two hub loading case. The r o t o r  hub w a s  also subsonic and acce lera t ing .  
The swirl tha t  y i e lded  s imi l a r  r e su l t s  on stage two w a s  44 degrees. The 
s tage leaving swirl values that give sonic stage-one and -two s t a t o r  hubs 
for the equal stage-one and -two pitch loading would be 44.5 degrees and 
46 degrees on stage one and  two, respectively.  However, the  stage-one 
rotor hub-leaving Mach number decreases from 0.9 t o  0.8 and the stage-two 
rotor hub-leaving Mach number increases  from  1.0 t o  1.1. Because of t h e  
unbalanced rotor-leaving kinetic energies and the undesirable high leaving 
stage-two Mach numbers, the equal stage-one and -two pi tch loading case was 
not  pursued. On s t age  th ree ,  a value  of s w i r l  g rea te r  than  zero  y ie lds  a 
d i f f u s i n g  s t a t o r  and ro to r .  The most d i f f i c u l t  items apparent from t h i s  
study was t h e  d i f f u s i o n  i n  t h e  t h i r d  s t a g e .  
The following vector diagram calculations were made t o  compare the  th ree  
flowpaths and i n v e s t i g a t e  v a r i a t i o n s  i n  r a d i a l  work d i s t r i b u t i o n s  and examine 
t h e  e f f e c t  of streamline slope and curvature. They assume stage-one  leaving 
swirl about 46 degrees, stage-two leaving swirl about 44 degrees, and stage- 
three leaving swirl about 3 degrees unless otherwise stated.  
Flowpath Comparison 
Table I shows the free-vortex vector diagram calculation summary f o r  t h e  
three flowpaths.  For each turbine,  the third-stage energy extraction was set 
such that  t he  p i t ch  aerodynamic loading [ gJnh/2U2 ] was equa l  t o  0.7. The 
remaining required energy extraction was s p l i t  between stage one and two such 
tha t  t he  hub aerodynamic  loadings were equal. The only  s igni f icant  d i f fe rence  
shown by this  f ree-vortex vector  diagram calculat ion is  i n   t h e  aerodynamic 
loading  parameter.  For  the  constant-outside-diameter  flowpath,  the  stage-one 
and  -two loadings were less, but the third-stage hub loading was larger  than 
the other  designs.  There appears  to  be  no real  advantage favoring any one 
flowpath configuration over the others based on these vector diagram calcu- 
l a t ions .  
With the constant-t ip design flowpath,  all  of the area increases  were 
taken on the  hub wall which  gave a wall slope of 27 degrees. The flow is 
expected t o  move r ad ia l ly  inward i n  t h e  hub region of  the rotors  where there 
i s  l i t t l e  acce lera t ion ,  and i n  t h e  t h i r d  s t a g e ,  even diffusion. Without a 
favorable  rad ia l  g rad ien t  in  s ta t ic  pressure to force the flow inward, the  
r o t o r  hubs may separa te .  With the constant-hub design flowpath, a l l  of the 
area increase was taken  on  the  t ip  wall which gave a w a l l  s lope of 20 
degrees. The flow has a n a t u r a l  t e n d n c y  t o  move outward  because of cen- 
t r i f u g a l   e f f e c t s .  
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ANALYSES AND RESULTS (Cont'd) 
Flowpath  Comparisons  (Cont 'd) 
The third-stage diffusion problem could be helped by increas ing  t h e  
annulus  a rea  in to  the stage.  T h i s  could be done  eas ie r  w i t h  the constant-  
inside-diameter flawpath since the area change would r e q u i r e  an inc rease  
i n  wal l  s lope  through t h e  first t w o  stages. T h i s  would m a k e  t h e  inner  
wal l  s lope  w i t h  t h e  constant-outside-diameter flowpath design even more 
severe than  g iven  for  the conical f lowpath.  
In t h e  pas t ,  many engine designs favored the  constant-outside-diameter 
f lowpath s ince i t  has  higher e n e r g y  e x t r a c t i o n  p o t e n t i a l  i n  t he  f r o n t  stages 
due  t o  t h e  higher  wheel speed of these stages. These des igns  gene ra l ly  
r e q u i r e  some s o r t  of t rans i t ion  f lowpath  f rom t h e  c o r e  t u r b i n e  t o  t h e  f a n  
turbine.  T h i s  t r a n s i t i o n  duct  adds length and weight t o  an  engine. The 
t rend in t h e  design of  present  and  advanced engines  favors  the constant-  
inside-diameter design flowpath,  since t h i s  t u rb ine  can be close coupled 
t o  t h e  core  turb ine  us ing  fewer s tages .  T h i s  saves engine length and 
weight. 
For these reasons,  the constant- inside-diameter  f lowpath configuration 
was chosen fo r  add i t iona l  vec to r  diagram s tudies .  
Vector D i a g r a m  S tud ie s  
Table I1 is  a summary of the vec tor  d iagram ca lcu la t ion  cases t h a t  
were made for  the  constant-inside-diameter flowpath configurat ion.  A base 
case vector diagram was selected with 17% of the tu rb ine  ene rgy  ex t r ac t ion  
on s t a g e  three, which corresponds t o  a pitch aerodynamic loading parameter 
of 0.7. The remaining 83% energy  ex t rac t ion  was divided equally between 
stages one  and two which gave equal  s tage-me and  -two aerodynamic hub loading 
parameters. A l l  of t h e  v a r i a t i o n s  of vec tor  diagrams were compared t o  t h e  
base  case  ca l cu la t ion  to  de t e rmine  the  e f f e c t  of a p a r t i c u l a r  change. 
Radial  Work Gradient 
Let a fou r -pe rcen t  r ad ia l  work gradien t  be defined as a change i n  
ArCu d i s t r i b u t i o n  w i t h  rad ius  such  that  ArCu is cons tan t  w i t h  rad ius ,  bu t  
rCu1 is increased at t h e  t i p  and dec reased  a t  the hub by four percent of 
t h e  ArCu a s  shown i n  F i g u r e  8. Th i s  change , re la t ive  t o  the  f r ee -vor t ex  
ca l cu la t ion ,  i nc reases  t h e  r o t a r  i n l e t  a n g l e  a t  t h e  t i p ,  d e c r e a s e s  the r o t o r  
i n l e t  a n g l e  a t  the hub, i n c r e a s e s  t h e  stage leaving  swirl at  t h e  hub,  and 
decreases  t h e  stage leav ing  swirl at t h e  t i p .  It does not  noticeably  change 
t h e  vector diagram Mach numbers.  Because  of t h e  increased  swirl g r a d i e n t  a t  
t h e  stage ex i t , t h i s  would not be an advantageous vector diagram scheme f o r  a 
stage w i t h  s i g n i f i c a n t  l e a v i n g  swirls. 
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ANALYSES AND RESULTS (Cont'd) 
Radial Work Gradient (Cont'd) 
""- 
"
Two-percent  and  four-percent  radial  work  gradient  calculations  were 
made. These  were  cases  two  and  three  in  Table 11. The  detailed  vector 
diagram  data  were  shown i Table  I11  for  stage  one,  Table  IV  for  stage 
two,  and  Table V for  stage three. 
Nonconstant  Radial  Work  Gradient 
Let  a  four-percent  nonconstant  radial  work  gradient  be  defined  as  a 
change  in  ArCu  distribution  with  radius  such  that rCu1 is  increased  at  the 
tip  and  decreased  at he  hub by four  percent of  -the ArCu  with rCya  unchanged 
relative  to  the  free-vortex  calculation. The results of this  change  relative 
to the  free-vortex  design  were  shown  on  Figure 9. Note  that  this  vector  dia- 
gram  increases  the  rotor  inlet  angle at  the  tip,  decreases  the  rotor  inlet 
angle at the  hub  with no change  in  the  vector  diagram  exit angles. This  kind 
of a  change  gives a stator  and  rotor  with  less  radial  twist  and  increases  the 
energy  extraction  in  the  tip  region  where  the  wheel  speed  is  the  highest. 
Again,  the  vector  diagram  Mach  numbers  do  not  change  significantly,  only  the 
vector  angles. 
Two-percent  and  four-percent  nonconstant  radial  work  gradient  calcu- 
lations  were  made.  These  were  cases four and five  in  Table 11. The  detailed 
vector  diagram  data  were  shown  in  Table  111  for  stage  one,  Table  IV  for  stage 
two, and Table  V  for  stage three. 
Stage  Energy  Split 
A change in stage  energy  split  relative  to  the  free-vortex  base  case 
was  investigated. The energy  extraction  on  stage  three  was  increased  from 
17%  of  the  turbine  energy  extraction  of 20%, 23%, and 26%. Increasing  the 
loading  on  stage  three  eases  or  eliminates the  stage-three  stator  diffusion 
problem,  but  increases  the  rotor  diffusion  as  shown  in  Figure 10. These 
were  cases six, seven, and  eight  in  Table 11. The  detailed  vector  diagram 
data  were  shown  in  Table  111  for  stage  one,  Table  IV  for  stage  two, and 
Table  V  for  stage three. In all  of  these  cases,  the  remaining  turbine 
energy  extraction  was  split  equally  between  stages  one  and  two.  The  energy 
extraction  requirements  for  the  first  two  stages  were  less by the  amount 
shifted  to  the  third  stage. 
The effect  of  increasing  the  stage-one  loading  was  shown in  Table VI. 
Vector  diagram  calculations  were  made for stage-one  aerodynamic  loading 
parameters of 2.1, 2.3,  and 2.5. The  stage-three  energy  extraction  was 
held  at  17% of the  turbine  energy  with  the  remaining 83% divided  between 
stages  one  and  two  to  give  the  desired  stage-one  aerodynamic  loading  para- 
meter. These  were  cases  one,  eleven, and  twelve  in Table  11.  The  stage- 
one  nozzle  hub  goes  supersonic  as  the  energy  extraction  is  increased beyond 
that  required  for  a 2.1 aerodynamic  loading  parameter. In addition,  the 
stage-one  swirl  increased as did  the  rotor  exit  relative  Mach  number.  However, 
the  stage-two  stator  Mach  number  decreased,  as  did  the  leaving  swirl  and  rotor 
exit  Mach  number. 
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ANALYSES A I  RESULTS (Cont 'd l  
Stage  Energy  Spl i t  (Cont 'd l  
I t  appea r s  t ha t  t h e  coffibination of increased loading (beyond 17% t u r b i n e  
energy  ex t rac t ion)  on s t a g e  t h r e e ,  t h e  stage-one aerodynamic loading equal t o  
2.1, t h e  s tage- two energy extract ion reduced by t h e  amount s h i f t e d  t o  stage 
t h r e e  would g ive  a favorable  vector  diagram. A vector diagram was calculated 
with 23% turbine energy on stage t h r e e  and was case 14 i n  T a b l e  11. The d a t a  
were summarized i n  Table Vll. I t  appears t h a t  p u t t i n g  23% of t h e  t u r b i n e  
energy on stage t h r e e  went t o o  f a r  because of t h e  amount of r o t o r  hub d i f fus ion .  
With a l i t t l e  less energy on stage three,the d i f f u s i o n  i n  t h e  s t a t o r  t i p  c a n  
s t i l l  be avoided with less d i f f u s i o n  i n  t h e  r o t o r  hub. A vector  diagram was 
ca l cu la t ed  wi th  20% turbine energy on stage t h r e e  and d a t a  f o r  t h i s  case  shown 
in  Tab le  I X  (case 15, Table 11). The r e s u l t  i s  a sa t i s fac tory  s tage  one ,  an  
improved s t a g e  t w o  r e l a t i v e  t o  t he  base case, a d i f f u s i n g  stage-three r o t o r ,  
b u t  an a c c e l e r a t i n g  s t a g e - t h r e e  s t a t o r .  
Streamline Slope and Curvature 
The e f f e c t  o f  s t r e a m l i n e  s l o p e  and cu rva tu re  on  the  vec to r  diagram was 
ca lcu la ted  for  bo th  the  cons tan t -outs ide-d iameter  f lowpath  and the  cons t an t  - 
inside-diameter  flowpath. With t h e  constant-inside-diameter  f lowpath,  t h e  
r o t o r  r e l a t i v e  i n l e t  and ex i t  vec to r  diagram angles  increased  a t  t h e  t i p  
and decreased a t  t h e  hub as shown i n  F i g u r e  11. With t h e  cons tan t -outs ide-  
diameter f l o w p a t h , t h e  r o t o r  r e l a t i v e  i n l e t  and exi t  vector  diagram angles 
decreased a t  the t i p  and  increased a t  t h e  hub as shown i n  F i g u r e  12. I n  
bo th  of these c a l c u l a t i o n s ,  t h e  r a d i a l  d i s t r i b u t i o n  of t h e  ArCu was t h e  
same as t h e  f ree-vor tex  base case. 
Vector D i a g r a m  C a l c u l a t e d  E f f i c i e n c i e s  
For a l l  of t h e  f ree-vor tex  vec tor  d iagram ca lcu la t ions ,  an e f f i c i e n c y  
w a s  ca lcu la ted  based  on the  following assumptions: 
a) A l l  stages use  a test f a c t o r  e q u a l  t o  0.96. The test f a c t o r  i s  
def ined  as the  r a t i o  of t h e  t u r b i n e  r o q u l r e d  e n e r g y  e x t r a c t i o n  t o  
t h e  vector  diagram energy extract ion.  
b) Nozz le  e f f i c i enc ie s  were assumad equa l  t o  0.97. 
c) Ro to r   e f f i c i enc ie s  were assured equal Y O  0.95. 
The ca lcu la ted  e f f ic iency  changes  ~f tk:? var igus  vector diagram  con- 
f i g u r a t i o n s  would then  be d u e  t o  changes i n  s t a t o r  and r o t o r  l e a v i n g  k i n e t i c  
ene rg ie s .  These  e f f i c i enc ie s  were s h C ; i V f i  in Tahle VI11 f o r  a l l  of t h e  d i f f e r e n t  
s t a g e  e n e r g y  d i s t r i b u t i o n s  t h a t  were examined w i t h  t h e  constant-inside-diameter 
flowpath. The  more even t h e  d i s t r i b u t i o n  of ene rgy  ex t r ac t ion  among t h e  three 
s t a g e s ,  the higher t h e  c a l c u l a t e d  e f f i c i e n c y .  The fac t  t h a t  t h e  th i rd - s t age  
r o t o r  e f f i c i e n c y  would be decreas ing  as t h e  th i rd-s tage  ene rgy  ex t r ac t ion  was 
increased was not reflected i n  these c a l c u l a t i o n s  ; however, t hey  do  ind ica t e  
how much tu rb ine  e f f i c i ency  cou ld  be l o s t  d u e  t o  311 i n e f f i c i e n t  t h i r d - s t a g e  
r o t o r .  
I -  
Vector D i a g r a m  Calculated  Eff ic iencies   (Cont 'd)  
These e f f i c i e n c y  c a l c u l a t i o n s  were no t  i n t ended  to  be t h e  expected 
e f f i c i e n c y  of the var ious  vec tor  diagram ca lcu la t ions ,  on ly  an  ind ica t ion  
of the eff ic iency changes.  
Based on these vector  diagram studies ,  it appears t h a t  t h e  best tu rb ine  
woula be t h e  c o n s t a n t - i n s i d e - d i a t e r  f l a w p a t h  w i t h  a stage e n e r g y  s p l i t  
(rul stage / Dh t u rb ine )  of 41.7% on s t a g e  one, 38.3% on s t a g e  two, and 20.0% 
on stage three. The  corresponding  stage  aerodynamic  loading, (gJAh/2If), 
would be 2.1, 1.75, and 0.82 at the  p i t c h  on stages one, t w o ,  and three, 
respec t ive ly .  Free-vor tex  vec tor  diagram d a t a  for t h i s  conf igu ra t ion  were 
shown in  Tab le  I X ,  and  a scaled vec tor  diagram shown i n  Figure 13. The 
effect of the s t reaml ine  slope and curva ture  on the vec tor  diagram should 
be included. 
This is t h e  type of wctor diagram c a l c u l a t i o n  that  w i l l  be pursued in  
the  Task-I11 ( turbine design)  par t  of t he  Highly Loaded M u l t i s t a g e  Fan D r i v e  
Turbine Program. 
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Tzble I. Free-Vortex  Vector Diagram C a l c u l a t i o n   S u m m a r y ,  Flowpath C o m p a r i s o n .  
t 
Stage One 
Parameter Const ID Const PD Const OD 
R 0.06  0.09  0.07 
XH 
I rp(o) I 45.65 I 45.58 i 46.47 
I '1H 
I I 0.38 i 0.38 j 0.38 
I MIT I 0.83 1 0.87 1 0.93 
0.57  0.58  0.63 
MR2T 0.82  0.84  0.86 
[ gJAh/2$1  2.08  2.01  1.99 
P 
Table 11. Summary of Vector  Diagram  Calculation Cases. 
(All cases  are for the cons tan t  i n s ide  diameter flowpath w i t h  stage one 
and stage two hub l o a d i n g s  e q u a l  i n  cases 1 through 10.1 
CASE 
1 
2 
3 
4 
-
5 
6 
ITEM -~ 
Free vortex with 17% Ah on  s tage  three 
2% r a d i a l  work g r a d i e n t  w i t h  n(rCu) = cons tan t  
4% r a d i a l  work gradien t  wi th  A(rCu) = cons tan t  
2% non-constant work w i t h  rCu) = cons tan t  
4% non-constant work w i t h  rCu) = cons tan t  
Free vortex with 20% ah on s tage  three 
2 
2 
7 Free   vo r t ex  w i t h  23% Ah on stage three 
8 Free   vo r t ex  w i t h  26% Ah on stage three 
9 
10 
11 
12 
13 
14 
15 
Free  vor tex  w i t h  23% Ah on stage three and reduced 
swirl for  stages one and two 
23% Ah on stage three with reduced swirl and a 2% 
non-const  ant work g rad ien t .  
Increased loading on stage I, $p = 2.3 
Increased  loading  on  s tage  I, QP = 2.5 
Streamline s lope and cu rva tu re  effect 
Stage  I f = 2.1, 23% Ah  on stage three 
Stage  I qP = 2.1, 20% Ah on s t age  three 
P 
The changes made i n  cases 2 through 15 were r e l a t i v e  t o  c a s e  1. 
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Table 111. Stage-One  Vector  Diagram Data. 
! CASE 
1 10 9 8 7 6 5 4 3 2 
"- 2% 2%Ncw 23% A 4  26% 23% 20% 4% 2% 4% 
Parameter r=40-40-3 r=40-40-3 Ah A h  Ag NCW NCW* NFV NFW Fv* 
a ("1 1 H  61.1  63.5 63.0  63.2  63.4 58.5 60.9 58.5 60.9 63.5 
~ ~ ~ ~ ~ ~~ ~ ~~ ~ 
cy ("1 1T 
54.7 57.9 56.5  57.1  57.5  51.9  54.6  51.7  54.6  57.9 
59.3 57.2 56.6 56.9 57.1 62.0 59.5 62.0 59.5 57.2 
Dl,(") 
B2,(") 
F k H  
TH(") 
$C"> 
I I 
59.6 57.8  57.8 59.1  59.3 59.5 59.6  59.6  66.1 62.7 
0.06 1 0.08 1 0.10 
41.23  44.36 , 43.50  41.28 45.59 I 45.13 45.68 I 45.65 1 45.78 j 45.93 
45.88 48.18 I 46.00 49.07 50.29 I 49.84 50.24 54.22 I 58.80 50.35 
-0.09 -0.09 0.07 0.07 0.05 , 0.07 0.06 
! 1-05 1.04 0.95 j 1.05 1 1.04 
; 0.3G 0.38 j 0.38  0.38  0.38 0.38 0.38 j 0.38 i 0.38 ' 0.38 
0.76 j 0.84 j 0.83 1.03 1 1.05 1 1.05 0.63 ! 0.84 j 0.83 0.84  , 0.81!  0.79 1.02  0.98 j I I I _ _ _ t _ I  ' ! ' MIT 
I " ". - I ~--+""--i 
j o , s z  9.~1 i 0.91 0.83 , 0.79 j 0.76 ; 0.73 : 0,62 ' 0.81 0.82 - I I . - + - - - " ~  I 
! MR2H : 0.8h 1 t . P i  I 0.89 0.87 ! 0.87 i 0.84 j 0.80 1 0.77 ! 0,75 ! , 0.75 
L 
I 
I 
[ gJ&/2$1, 2.82 2.83  2.83  2.83 2.84 2.73  2.63 2.52 2.62 2.62 
* FV = Free  Vortex 
NFV = Nonfree Vortex 
NCW = Nonconstant Work 
Table I V .  Stage-Two Vector Diagram Data. 
QIT(o) I , 57.3 ' 59.7  57.3 ~ 59.7 '' 55.4 I 55.7 ! 55.8 : 56.3 , 58.5 
53.2 , 50.0 ! 53.3 : 50.3 . 57.3 , 57.2 i 56.9 , 58.7  55.2 Dm(") 
1
! 
B2, ("1 1 58.6 61.2 64.1 1 58.5 1 58.5 59.1 1 59.7 60.2 58.1 ~ 58.1 I 
'P() 1 43.62 1 43.97 i 44.0 1 44.05 1 44.17 1 43.79 1 44.04 1 44.09 1 40.59 1 40.44 I 
1.02 i l.ol j l.oo 1.02 1.03 l.ol I 0.97 1 0.93 j 1.06 ' 1 1.04 
0.53 0.53 1 0.50 1 0.48 1 0.47 0.46 I I 0.54 1 0.55 1 0.56 1 0.54 1 , ! 
%lH 0.78 0.77 1 0.77 1 0.79 I 0.80 0.77 1 0.73 ' 0.70 ! 0.82 ' 0.81 
1.01 1 0.84 0.84 0.88 0.92 0.97 1.06 1.04 1.05 1.04 
I 
I I 
%?H 
'R~T 
S T  
I 
0.49 0.48 0.50 0.48 j 0.45 1 0.43 0.46 0.48  0.47  0.48 
0.94 0.80  0.81 0.83 0.87 0.91 0.96 0.96 0.96 0.96 
[g JW2V" 1, 
2.61 2.62 2.52 2.63 2.73 2.85 2.83 2.81 2.81 2-78 [gJah/2$ IH 
1.74 1.75 1.69  1.75 1.82 1.90 1.89 1.88 1.88 1.86 
* FV = Free  Vortex 
NFV = Nonfree Vortex 
NCW = Nonconstant Work 
Table V. Stage-Three  Vector Diagram Data. 
t- 
Parameter i FV* 
CY ("1 1T 42.7 
B I H ( o )  I 40.0 
CASE 
6.30 i 7.60 I 5.71 1 6.901  3.97 I 4.11 1 4.02 I 4.02 I 4.51 
M I H  1 0*74 73 0*72  ~ 0.75 ' 0.77 j 0.86 / 0.97 j 1.10 
0.63 I 0.65 / 0.66  0.64 , 0.64 j 0.60 j 0.56 1 0.53 1 0.52 I 0.50 
0.97 I 0.94 
0.57 ! 0.58 1 0.58 ~ 0.58  0.57 j 0.63 j 0.69 ! 0.77 \ 0.69 1 0.68 
b 
I 
I 1 
MIT 1 I I 
MR2H I 0.49 1 0.50 I 0.50 j 0.51 i I 0.53 1 0 .49 ;  I 0.49 I 0.49 I 0.49  0.50 
0.40 j 0.40 I 0.39 I 0.40 1-1 0.44 j 0.48 ; 0.44 I 
M ~ l ~  
i 0.42 
I 
I 0.59 1 0.60 j 0.59 I 0.59 0.58 j 0.59 I 0.59 i 0.59 j 0.59 I - MR2T ! 0.58 , I ! 
:gJAk1/2$]~ 1 0.70 1 0.71 1 0.70 1 0.71  0.71 0.82 0.95 1.07  0.95 I 0.92 
1 g J&/2$IH 1.16 1.18 1.16 1 1.18 ! 1.18 1.53 1.36 1 1.57 I 1.77 ~ 1.57 
I I 
I'
* FV = Free  Vortex 
NFV = Nonfree Vortex 
NCW = Nonconstant Work 
" 
!; 
! Parameter 
I 
alT(0) 
BIH(0) 
B2,(") 
Sk 
r,c0, 
rP(O) 
MIH 
MOT 
MIT 
MRIH 
MR2H 
M ~ l ~  
MR2T 
g JAh/ 2 5  ]H 
c I 
I 
i 
I 
I 
I 
I 
i I
Table VI. Increased  Loading on Stage One. 
Case 1 
1 
$,,=2.1 
63.5 
57.2 
57.9 
59.6 
0.06 
50.4 
45.7 
1.05 
0.38 
0.83 
0.82 
0.86 
0.57 
0.82 
2.08 
2.82 
jtage Om 
11 
Jb1'2. 3 
63.5 
57.2 
58.8 
59.6 
0.07 
51.6 
47.0 
1.15 
0.38 
0.91 
0.91 
0.97 
0.63 
0.90 
2.30 
3.11 
12 
$p1=2. 5 
63.1 
56.8 
59.0 
58.9 
0.07 
51.9 
47.3 
1.26 
0.38 
0.99 
1.01 
1.08 
0.71 
0.99 
2.50 
3.38 
1 
Jb1=2. 1 
63.6 
55.0 
56.9 
58.6 
0.25 
49.8 
43.6 
1.02 
0.54 
0.76 
0.78 
1.01 
0.49 
0.94 
1.86 
2.78 
Stage Two 
l" 11 $p1=2. 3 
61.6 
52.7 
54.1 
56.7 
0.24 
46.6 
40.4 
0.98 
0.62 
0.74 
0.74 
0.94 
0.48 
0.89 
1.71 
2.55 
12 
tp1=2. 5 
59.2 
50.0 
50.2 
54.8 
0.24 
43.0 
36.9 
0.91 
0.70 
0.70 
0.68 
0.87 
0.46 
0.84 
1.52 
2.28 
l- t 1 
JIp1=2. 1 
54.9 
42.7 
40.0 
36.2 
- 0.08 
3.9 
3.0 
0.74 
0.63 
0.57 
0.53 
0.49 
0.40 
0.59 
0.70 
1.16 
st :age Three 
$' -2.3 ~ $,,=2.! P1- , 
54.4 
42.2 
39.5 
35.7 
0.08 
3.9 
3.0 
0.75 
0.60 
0.58 
0.54 
0.50 
! '  
1 
1 
4 
54.1 
41.9 
39.2 
35.6 
- 0.08 
3.9 
3.0 
0.75 
0.56 
0.58 
0.54 
0.50 
0.41 1 0.41 
0.59 ' 0.60 
0.70 i 0.70 
1.16 1 1.16 
Table V I I .  Vector  Diagram  Data  Case 14. 
Parameter 
'lH 
l"m 
"lT 
"RIH 
"R2H 
M ~ l ~  
MR2T 
I Case I 
Stage One Stage Three Stage Two 
Case 1 14 1 14 1 14 
1 p1 
J, =2.1 $p3 = 0.95 $,3=0.7 $,, = 1.63 QP2=l. 85 J,,, = 2.1 
63.5 
50.2 42.7  54.0 55.0 57.2 57.2 
61.1 54.9  62.7  63.6 63.5 
57.9 I 57.9 56.9 
59.6 58.6 59.6 
0.06 0.25 0.06 
50.4 
43.6  45.7  45.7 
, 49.8 50.4 
1.05 1.02 1.05 
0.38 
0.82 
0.76 0.83 0.83 
0.54 0.38 
1.01 0.86  0.86 
0.78 0.82 
I 
I 
I 
1 
! 
0.57 j 0.57 0.49 
0.82 I I 
I 2*08 log6 
0.82 1 0.94 
1 
I I 
2.08 
2.82 ! 2.82 I 2.78 
54.8 
58.6 
40.0 
36.2 
52.9 
36.2 
0.24 1 - 0.08 I - 0.41 
47.9 3.9 1 4.1 
1 
41.7  3.2  3.0 
0.92 
j 0.44 0.43 ' 0.40 
0.49  0.87  0.49 
0.69 I 0.53 1 0.73 
0.69 0.69 0.57 
0.54 0.63  0.54 
0.97 0.74 
1 
I 
I 
I 1 1 
I 
0.83 j 0.59 ~ 0.59 
1 1 ~ 
1.63 I 0.70 1 0.95 
Table VIII. Computer Calculated  Eff ic iencies .  
ASSUMPTIONS: 
0 Free-Vortex Computer Calculation 
0 A l l  Stages Use A Test Factor Equal t o  0.96 
0 Nozzle Ef f i c i enc ie s  Assumed Equal t o  0.97 
0 Rotor Eff i c i enc ie s  Assumed Equal t o  0.95 
0 Constant-Inside-Diameter  Flowpath 
Case I 
7 
8 
11 
12 
14 
15 
Energy S p l i t ,  Stage Pitch Loading, 
Percent 
2.08  1.85 0.70 41.7  .2  17.1 
1 2 3 1 2 3 
Stage Stage 
j gJAh/2$ 
L ..
40.0  40.0 20.0 
1.87  1.69  1.07  37 0  37 0 26.0 
1.94 1.75 0.95 38.5 38.5 23.0 
2.02  1.82  0.82 
45.6 37.4 17.0 
2.08  1.63  0.95  4 .3  35.7 23.0 
2.50  1.52 0.70 49.6 33.4 17.0 
2.30  1.71  0.70 
41.7  38.3 20.0 2.10 1.75  0.82 
Percent 
88.7 
89.0 
89.3 
89.5 
88.5 
88.1 
89.2 
89.0 
Table I X .  Stage One $p = 2.1 ,  207% Ah on Stage  Three. 
Stage Two 
63.6 
54.9 
56.8 
57.3 
Stage One 
63.0 
Stage Three 
59.0 
47.3 
48.2 
36.2 
Parameter 
CY ("1 
CY ("1 
1 H  
1T 
BIH(") 
B2,("1 
Rx 
rH(0) 
rp ( 0 )  
H 
M I H  
MOT 
MIT 
MRIH 
56.7 
57.1 
59.0 
0.07 
50.0 
45.3 
1.05 
0.11 
46.6 
40.4 
1.03 
-0 24 
3.9 
3.0 
0.85 
0.38 0.55 0.55 
0.84 0.77 0.62 
0.62 0.82 0.80 
MR2H 0.87 0.88 0.49 
M ~ l ~  
MR2T 
0.58 0.50 0.40 
0.82 0.84 0.58 
2.10 0.82 
1.36 2.83 2.61 
16 
24 
22 
20 
16 
14 
12 
c / 
s3 
Figure 1. Flowpath, Constant-Inside-Diameter. 
53 
\ 
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Figure 2. Flowpath, Constant-Outside-Diameter. 
s3 
1 
Figure 3. Flowpath, Constant-Pitchline-Diameter. 
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Figure 4. Vector Diagram Nomenclature. 
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P i t c h  Swirl, Degrees 
64 
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60 
58 
56 
54 
52 
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1.1 
1.0 ' 0 . 9  
0 
3 0.8 
n 
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0 . 7  
I 
0.6 
0.5 
40 42 44 46  48 50 
Pi tch  Swir l ,  Degrees 
1.0 
40  42 44 46  48  50  40  42 44 46 48  50 
Pi tch   Swir l ,  Degrees P i t c h   S w i r l ,  Degrees 
S o l i d  l i n e s  have pi tch  loading (gJAh/Z@) of 2 .1 ,  1 .89 ,  and 0.7 on stages one, 
two, and three, respectively, which correspond to equal hub loading on stages 
one and t w o .  Dashed l i n e s  have pitch  loading of 1 .98 ,  1 .98 ,  and 0 . 7 ,  which 
correspond to hub loadings of 2.68, 2 .97,  and 1.16,  respectively.  
Figure 5. Stage-One  Vector  Diagram  Parameters  as  a  Function of Stage 
Leaving Swirl for the  Constant-Inside-Diameter Flowpath. 
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Pitch S w i r l  , Degrees 
1.3 
1.2 
1.1 
1.0 
0.9 
0.8 
0.7 
0.6 
40  42 44  46 48 
Pitch Swir l ,  Degrees 
40  42 44 46  48 
Pitch Swir l ,  Degrees 
S o l i d  l i n e s  h a v e  p i t c h  l o a d i n g  (gJAh/2L?) of 2.1,  1.89,  and 0.7 on 
s t a g e s  one, t w o ,  a n d   t h r e e ,   r e s p e c t i v e l y ,   w h i c h   c o r r e s p o n d   t o  equal 
hub loading  on  stages  one  and two.  Dashed l i n e s  h a v e  p i t c h  l o a d i n g  
of 1.98,  1.98, and 0.7, which  correspond t o  hub loadings  of 2.68, 
2.97, and  1 .16 ,   respec t ive ly .  
F igure  6. Stage-Two Vector Diagram Parameters as a Function of Stage 
Leaving Swirl f o r  the Constant-Inside-Diameter Flowpath. 
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S o l i d  l i n e s  have pi tch  loading (gJAh/Z$) of 2.1,  1.89, and 0.7 on s tages  
one,  two, and three,  respectively,  which correspond to equal hub loading 
on s tages  one and two. 
Figure 7. Stage-Three  Vector Diagram Parameters as a  Function of Stage 
Leaving Swirl for the  Constant-Inside-Diameter  Flowpath. 
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Figure 8. 
24 
Constant A(rCu) Nonfree  Vortex  with Work Gradient  Compared 
to  Free  Vortex  for  Typical  Stage  One, Constant-Inside- 
Diameter Flowpath. 
Hub 
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Figure 9. Nonconstant Work Vector Diagram Compared to Free Vortex for 
Typical Stage One, Constant-Insicl~.-Diarr.eter Flowpath. 
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Figure 10. Highly  Loaded  Stage  Three  Compared  to  Conventionally  Loaded 
Free-Vortex  Stage  Three,  Constant-Inside-Diameter  Flowpath. 
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Figure 11.  
- - - - With Streamline 
S lope  and Curvature 
T -  
H- 
0 
rCu Vs. r 
Constant-Inside-Diameter Flowpath Streamline Slope and Curvature 
Effect Compared to Free Vortex for Typical  Stage  One. 
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Figure 12. 
2s 
Constant-Outside-Diameter  Flowpath  Streamline  Slope  and  Curvature 
Effect  Compared to  Free  Vortex f o r  Typical  Stage One. 
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Figure 13. Scaled Vector Diagram for Stage One 4 ,  = 20% Ah on Stage 
Three (Case 15). 
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